ABSTRACT: Phosphoglucomutases catalyze the interconversion of D-glucose 1-phosphate and D-glucose 6-phosphate, a reaction central to energy metabolism in all cells and to the synthesis of cell wall polysaccharides in bacterial cells. Two classes of phosphoglucomutases (R-PGM and -PGM) are distinguished on the basis of their specificity for R-and -glucose-1-phosphate. -PGM is a member of the haloacid dehalogenase (HAD) superfamily, which includes the sarcoplasmic Ca 2+ -ATPase, phosphomannomutase, and phosphoserine phosphatase. -PGM is unusual among family members in that the common phosphoenzyme intermediate exists as a stable ground-state complex in this enzyme. Herein we report, for the first time, the three-dimensional structure of a -PGM and the first view of the true phosphoenzyme intermediate in the HAD superfamily. The crystal structure of the Mg(II) complex of phosphorylated -phosphoglucomutase ( -PGM) from Lactococcus lactis has been determined to 2.3 Å resolution by multiwavelength anomalous diffraction (MAD) phasing on selenomethionine, and refined to an R cryst ) 0.24 and R free ) 0.28. The active site of -PGM is located between the core and the cap domain and is freely solvent accessible. The residues within a 6 Å radius of the phosphorylated Asp8 include Asp10, Thr16, Ser114, Lys145, Glu169, and Asp170. The cofactor Mg 2+ is liganded with octahedral coordination geometry by the carboxylate side chains of Asp8, Glu169, Asp170, and the backbone carbonyl oxygen of Asp10 along with one oxygen from the Asp8-phosphoryl group and one water ligand. The phosphate group of the phosphoaspartyl residue, Asp8, interacts with the side chains of Ser114 and Lys145. The absence of a base residue near the aspartyl phosphate group accounts for the persistence of the phosphorylated enzyme under physiological conditions. Substrate docking shows that glucose-6-P can bind to the active site of phosphorylated -PGM in such a way as to position the C(1)OH near the phosphoryl group of the phosphorylated Asp8 and the C(6) phosphoryl group near the carboxylate group of Asp10. This result suggests a novel two-base mechanism for phosphoryl group transfer in a phosphorylated sugar.
the glucose 1,6-diP formed reorients itself by "flipping" in the large active-site cleft rather than by dissociating and rebinding (9) . The change in ligand orientation is necessary for the alignment of the phosphoryl group targeted for transfer with the single active-site nucleophile. The reaction cycle is completed upon phosphoryl transfer from the C(1)-phosphate or C(6) phosphate of the G1,6-diP to form phosphorylated enzyme and the corresponding product.
In view of the small active-site cavity observed in the X-ray structures of several of the -PGM HAD family homologues [haloalkanoic dehalogenase (4) , phosphonatase (10) , and phosphoserine phosphatase (11) ], it is difficult to imagine that the active site of -PGM could accommodate the "flipping" of G1,6-diP observed for the R-PGM mechanism of catalysis. Thus, the G1,6-diP formed in the -PGM active-site would have to dissociate into solvent and then bind again in the opposite orientation (Scheme 1A). An analysis of -PGM active-site residues located on conserved active-site loops of the HAD family enzymes suggested to us that an alternative mechanism may be operative in the -class of phosphoglucomutases. The -PGM active site contains not only Asp8, which occupies the Asp nucleophile position found in each of the HAD family members, but also a neighboring aspartate, Asp10. As illustrated in Scheme 1B, both aspartate residues might function in phosphoryl transfer thus eliminating the need for reorientation of the G1,6-diP intermediate within the active site. Thus, by using a twoAsp mechanism, the phosphoryl transfer from position 1 to position 6 on the -glucose might be accomplished within the confines of a small active-site crevice.
The first step taken in the elucidation of the mechanism of -PGM catalysis was the determination of the X-ray crystal structure of the enzyme. The Lactococcus lactis -PGM was isolated from an Escherichia coli clone in its phosphorylated form, and cocrystallized with Mg 2+ (12) . The structure, solved by X-ray crystallography at 2.3 Å resolution, provides the first "snapshot" of the -PGM class of phosphoglucomutases, and a glimpse into the mechanism of catalysis. Moreover, from this structure we see for the first time in any HAD superfamily member the active site acylphosphate intermediate formed during the course of catalysis of phosphoryl transfer. The observed environment of the acyl-phosphate provides insight into how this intrinsically high-energy functional unit is preserved in the absence of substrate but activated for transfer in its presence.
EXPERIMENTAL PROCEDURES
Purification and Crystallization. Recombinant selenomethionine (SeMet) Lactococcus lactis -PGM (1, 2) was purified from the E. coli clone for crystallization as described in Lahiri et al. (12) . Crystals of the native -PGM were grown at pH 7.5 in the presence of 5 mM Mg 2+ using the vapor-diffusion method with hanging drop geometry (12) . Ammonium fluoride (0.1 M) and 16% w/v PEG 3350 were employed as the precipitating agents. The crystals belong to the spacegroup P2 1 2 1 2 1 with cell dimensions a ) 53.667 Å, b ) 92.776 Å, c ) 111.597 Å and contain two molecules per asymmetric unit (13) . Crystals were flash frozen in liquid nitrogen, using Paratone-N (Hampton Research) as cryoprotectant. Microseeding SeMet -PGM with native -PGM crystals during crystallization yielded SeMet -PGM crystals that diffracted to 2.3 Å (12) .
Data Collection and Processing. The three-wavelength multiwavelength anomalous diffraction (MAD) data set for SeMet -PGM was collected to 2.3 Å on beamline BM 14C at Argonne National Laboratories using a CCD detector (14, 15) . MAD data were collected at three different wavelengths in 90°wedges with Bijvoet pairs collected using reversebeam geometry for each wedge at 0.9792369 Å (edge), 0.9790073 Å (peak), and 0.96112713 Å (remote). The details of data collection are summarized in Table 1 . The DENZO and SCALEPACK package (16) were used for determination of the unit-cell parameters, data indexing, reduction, and scaling.
MAD Phasing and Model Building. The structure was solved using MAD phasing of the SeMet derivative. Including the N-terminal methionine of each chain, three selenium atoms were expected in the SeMet derivative (replacing Met1, Met 83, and Met 126). SOLVE version 1.19 (17) was used to locate all three SeMet sites in each of the two molecules in the asymmetric unit. The map was improved slightly using solvent flattening in the program RESOLVE version 1.05 (18) . Secondary structure elements and clear protein-solvent boundaries were easily discerned in the map. A polyalanine chain was fitted first into the density using Scheme 1 the molecular graphics package O (19) . A total of 217 amino acid residues (out of 221 total) were built into one molecule. The selenium and aromatic residues were used to help register the amino acid sequence to the polyalanine chain. Once side-chains were fitted into the first monomer, the model was then translated to position the second monomer into density, using the selenium and aromatic residue positions as a guide. After the first three rounds of refinement (described below), the entire polypeptide model was complete with the exception of the four C-terminal amino acids that could not be fitted with confidence. At this point, the phosphate and the Mg 2+ ions were placed into the strong electron density at the active site (as deduced from sequence alignment). There was no ambiguity in the placement of the liganded molecules in either subunit, because of the strong electron density of the Mg 2 + (>11σ) and PO 4 3-(>9σ) in the sigmaa weighted 2F o -F c map (20) .
Refinement. The initial round of refinement included rigidbody refinement and simulated annealing using torsional dynamics performed against a maximum likelihood/Hendrickson-Lattman (MLHL) minimization target incorporating the observed MAD phases from SOLVE using the program CNS-solve (21). For statistical cross-validation 10% of the data were excluded (for calculation of R free ). In the last stages of refinement, clear density at the C-termini allowed the chain to be extended by four additional amino acids, thus accounting for all the amino acids in the protein. The model was further refined using a combination of simulated annealing and minimization, alternating with manual rebuilding of the model using 2F o -F c and F o -F c electron density maps. The final model was checked using a simulated annealing composite omit map. The automated water-picking program in CNS was used to assign water molecules in the structure, all of which were visible in the F o -F c electron density map at 3σ. In the final stages, the group and individual B-factors were refined, resulting in final crystallographic R values of R cryst ) 0.24 and R free ) 0.28. Analysis of the Ramachandran plot showed 98% of 221 residues fall within the most favored region, 1.6% fall in the additionally allowed region, and only 0.4% fall in the generously allowed regions, as defined by PROCHECK (22) . Model and refinement statistics are summarized in Table 1 . Coordinates have been deposited in the Protein Data Bank (accession code 1LVH) for the SeMet protein.
RESULTS AND DISCUSSION
OVerall Structure. Purified recombinant Lactococcus lactis -PGM was crystallized in the presence of Mg 2+ to yield its phosphorylated form. -PGM is a monomer that is comprised of two distinct domains, a helical cap domain and an R/ core domain, with overall dimensions of 56 × 35 × 36 Å (see Figure 1 ). The core domain, which includes residues 1-14 and residues 93-221, is comprised of a centrally located six stranded parallel -sheet ( 1-6) surrounded by six R-helices (R5-R10). Typical right-handed -Rconnections are present. The cap domain, which includes residues 15-92, is inserted between 1 and R5 of the core domain. It consists of an antiparallel, four-helix bundle (R1-R4). Together the core and the cap domain give rise to a kidney-bean shaped monomer, similar to that seen in the structures of phosphonoacetaldehyde hydrolase (10) and phosphoserine phosphatase (11) . Like these two phosphotransferases, -PGM is a member of the haloacid dehaloge- nase (HAD) enzyme superfamily as verified by the fact that it shares the common R/ core domain with other HAD family members. Figure 2 shows the superposition of the backbones of these three HAD family phosphotransferases. The average B-factor of the -PGM cap domain is higher (B factor ) 41.9) than that of the core domain (B factor ) 26.58), consistent with the known mobility of the cap domain in several HAD structures (4, 10, 11) .
ActiVe-Site Structure. The active site of -PGM is located at the domain-domain interface. The exact location is identified by the phosphorylated side chain of Asp8 and by the bound Mg 2+ cofactor (Figure 1 ). The active site is comprised of the side chains of Lys45 and Thr16 contributed by the cap domain and the side chains of Asp8, Asp10, Val12, Ser114, Lys145, Glu169, and Asp170 contributed by the core domain ( Figure 3 ). The 10 most closely related bacterial -PGMs identified in a BLAST sequence alignment (23) conserve 29 out of the 221 amino acids of Lactococcus lactis -PGM. Each of the active-site residues named is among these conserved residues. Moreoever, the Asp8 nucleophile, Asp10, Ser114, Lys145, Glu169, and Asp170 ( -PGM numbering) are conserved among all HAD phosphotranferases.
We observe two electron densities (in the 2F o -F c map) at high contour levels (>9σ) in the active site, one of which is the Mg 2+ cofactor and the other, connecting to the nucleophilic Asp8 (<1.5 Å distance), is that of covalently bound phosphate (phosphoAsp 8) (Figure 3b ). The presence of the connected density is in agreement with the biochemical data (24) , which show that -PGM exists as a stable phosphoenzyme. We note that no phosphate, sulfate, or similar ions were included in the crystallization solution, and thus the assignment of the electron density to a phosphoryl group covalently linked to Asp8 is unequivocal.
The Mg 2+ is liganded with octahedral coordination geometry by the three carboxylate side chains of Asp8, Glu169, and Asp170, the backbone carbonyl oxygen of Asp10, one phosphoAsp8 phosphate oxygen, and a water molecule. The phosphate group of phosphoAsp8 is within hydrogen-bond distance of the hydroxyl group of Ser114 and the ammonium group of Lys145. Lys145 also forms a salt bridge with the carboxylate side chain of Asp8.
Mechanistic Implications. If -PGM catalysis utilizes a single nucleophile (Scheme 1A) as does R-PGM, we can envision -G1P binding to the -PGM active site and undergoing phosphoryl transfer from the phosphoAsp8 to form -G1,6-diP. Unlike the active site of R-PGM, the active site of -PGM is not large enough for the bound -G1,6-diP to "flip" into the correct orientation that would allow the ensuing in-line attack of the Asp8 carboxylate on the C(6) phosphoryl group to occur. Thus, we expect that once formed, the -G1,6-diP would, by necessity, dissociate from the active site into solution and then return to the active site to bind in the correct orientation for transfer of the C(6) phosphoryl group to Asp8. However, on the basis of our analysis of the active-site template conserved among HAD family enzymes, we had anticipated that the structure of the -PGM active site might be compatible with a twonucleophile mechanism in which Asp8 and Asp10 function as the mediators of phosphoryl transfer (see Scheme 1B). To test the feasibility of this mechanism, we modeled -G1P and -G6P into the active site structure of phosphorylated -PGM. As shown in Figure 4 , the active site with modeled -G1P shows alignment of the C(6)OH with the phosphoryl group of the phosphoAsp8 and alignment of the G1P C(1) phosphoryl group with the Asp10 carboxylate. Lys145, Ser114, and Mg 2+ are positioned to assist in the phosphoryl transfer reaction to Asp8 by balancing charge and orienting the reacting groups. The symmetry of the disposition of polar residues around the C(1) and C(6) sugar phosphate binding site is remarkable. If one draws a vertical line from the Mg 2+ ion through the bridging oxygen of the sugar ring, the residues located on the left-hand side of the line: Ser114, Asp8, Lys145, Glu169 practically mirror those located on the right: Thr16, Asp10, Lys45, and Asp170. Thus, one can imagine one set of catalytic groups functioning in the phosphorylation of the sugar C(1)OH and the other set functioning in the phosphorylation of the sugar C(6)OH. In ongoing studies, kinetic and structural approaches are being used to distinguish between the classical (Scheme 1A) and the two-nucleophile (Scheme 1B) mechanisms of -PGM catalysis. In this regard, it is interesting that the phosphoAsp8 form of -PGM is isolated and not a mix of the phosphoAsp8 and phosphoAsp10 forms. This finding does not argue against a two-nucleophile mechanism since the phosphoAsp8 form may be more thermodynamically favorable or stabilizes the enzyme in a conformation favorable for crystallization.
ConserVation of the HAD Fold and Specialization of the HAD ActiVe-Site Scaffold. The structure of 2-L-haloalkanoic dehalogenase was the first of the HAD family to be defined (4, 25) . It is comprised of an R/ -core domain and a small R-/ -cap domain. Recently, we reported the X-ray structure of another family member, phosphonatase (10), which catalyzes the hydrolytic cleavage of the P-C bond in phosphonoacetaldehyde. Superposition of the two structures reveals a conserved active-site platform within the core domain comprised of four peptide loops (10) (see Figure 5 for superposition (a) and schematic (b)). These four loops correspond to the four conserved sequence motifs within the HAD enzyme family which had been noted previously by us (10, 26) and by other investigators (4, 5, 24, 27, 28) We are most intrigued by how the four phosphotransferases have become specialized to perform their specific catalytic function. In brief, phosphonatase, phosphoserine phosphatase, and Ca 2+ -ATPase deliver a phosphoryl group from the substrate to the active-site Asp and hence to water. The -PGM, on the other hand, moves the phosphoryl group from one site on the substrate to another using an activesite Asp as mediator. For the three hydrolases, the requirements for acid-base catalysis are quite different. The phosphoserine phosphatase requires an acid group to protonate the serine alchoholate formed upon phosphoryl transfer to the active-site Asp. This role appears to be filled by Asp13. This residue is strategically positioned on segment 1, two residues removed from the Asp11 nucleophile. The Asp13 carboxylate anion thus formed can serve as a base catalyst in the hydrolysis of the phosphoaspartyl group. The position and protonation state of Asp13 would appear to be enforced through interaction with its close spatial neighbor Glu120. In contrast to the phosphoserine phosphatase, the ATPase does not require acid catalysis because the ADP leaving group has a low pK a . In the ATPase, the residue two positions downstream from the Asp351 nucleophile is Thr353. This residue may form a hydrogen bond with the -phosphate of the ADP leaving group, and serve in the ensuing aspartyl phosphate hydrolysis step by forming a hydrogen bond with the water nucleophile, thus positioning it for attack. The absence of true base catalysis in the hydrolysis step is reminiscent of the use of Asn in the autodephosphorylation of the aspartyl phosphate group of the phosphosensor proteins CheY and NarL (30, 31) . As with these signaling proteins, the phosphorylation of the Ca 2+ -ATPase is for the purpose of switching the protein to an active conformation that then returns to the inactive state upon aspartyl phosphate hydrolysis (32, 33) . Mutation of Thr353 in Ca 2+ -ATPase affects the lifetime of the phosphoenzyme intermediate; its replacement to a hydrophobic residue increases it, while its mutation to an Asp, which can act as a general base, decreases it (34).
The -PGM requires that the sugar oxyanion displaced from the sugar phosphate by the Asp nucleophile is protonated. On the basis of the positioning of the putative activesite Asp8 nucleophile in the phosphoserine phosphatase and ATPase, we might predict that Asp10, which is located two residues downstream from the Asp8 nucleophile, serves in the role of acid/base catalysis. However, the side chain of Asp10 is directed away from the reaction center. This would also account for why the phosphorylated Asp8 is not readily hydrolyzed and, thus, why the phosphorylated form of the enzyme can persist under physiological conditions. The Asp10 carboxylate is not positioned to deprotonate water for in-line attack at the phosphorylated Asp8. The role of acid/base catalyst during -PGM turnover may be filled by an active-site residue or alternatively, (since the active site is fully accessible to water as assessed by calculating the Connolly's surface with the program VOIDOO (35), see Figure 6a ), it is conceivable that a water molecule acting alone, or in conjunction with an active site residue, may serve in proton shuttling to the displaced oxyanion. Any further analysis must await the determination of the liganded sugar substrate in the active site via NMR or X-ray crystallographic analysis.
Another specialization in the HAD superfamily is the use of the core in the Ca 2+ -ATPase where the opening and closing of the channel is in concert with the phosphorylation of the P domain via a protein conformational change. Useful comparisons between the structures of the P domain of the unphosphorylated crystal structure of Ca 2+ -ATPase (29) and phosphorylated -PGM can be made to analyze the residues involved in the phosphorylation sensing mechanism (see Figure 5 ). Neither the Mg 2+ binding residues nor the Lys interactions differ between the phosphorylated and unphosphorylated structures in the HAD superfamily. This leaves Ser/Thr (Ser 114 in -PGM) as a possible phosphate sensor. In the stably phosphorylated -PGM, Ser114 forms a hydrogen bond with the phosphate group. On the contrary, in the unphosphorylated structures of the Ca 2+ ATPse and phosphoserine phosphatase, the corresponding Thr625 and S99, respectively, are not within hydrogen bonding distance (11, 36) .
Role of Aspartyl Phosphate as an Intermediate or Signal. In addition to the phosphotransferases of the HAD family, certain 5′-nucleotidases (37, 38) , phospholipases, and endonucleases (39, 40) catalyze phosphoryl transfer via aspartyl phosphate intermediates. Also, as alluded to earlier, the aspartyl phosphate group is used by numerous response regulator proteins in signal-transduction pathways (41) .
The Standard Free Energy for hydrolysis of acetyl phosphate is -10.7 kcal/mol. (42) . As first noted by Stock et al. (43) , the high intrinsic energy of the acyl phosphate linkage may be offset by an enzyme according to its function. The substrates of HAD family phosphotransferases alone cover a wide range of energy potentials. High energy potentials exist for the ATP and phosphonoacetaldehyde substrates of the Ca 2+ -ATPase and phosphonatase. The Standard Free Energy for hydrolysis of the P-O-Pγ linkage in ATP is -7.6 kcal/mol (42) . An estimate of the value for the Standard Free Energy for hydrolysis of phosphonoacetaldehyde can be calculated from the equilibrium constant of the phosphonopyruvate to phosphoenol pyruvate (PEP) reaction catalyzed by PEP mutase and the Standard Free Energy for hydrolysis of PEP is -16.6 kcal/ mol (44) . Thus, for both of these phosphotransferases the intrinsic energies of the substrate and aspartyl phosphate intermediate are reasonably matched. This, however, is not the case for the phosphotransferases acting on simple phosphate monoesters. For example, the P-O linkages in the substrates of -PGM, G1P (Standard Free Energy for hydrolysis is -5.2 kcal/mol) and G6P (Standard Free Energy for hydrolysis is -3.5 kcal/mol) are significantly lower in energy than is the P-O linkage found in acetyl phosphate. Thus, in the absence of stabilizing interactions by the -PGM, the reaction of G1P to form the aspartyl phosphate will be 5.5 kcal/mol uphill in energy, and the reaction of G6P will be 7.2 kcal/mol uphill in energy. The interactions between active-site groups may serve to offset the intrinsic energy of the acetyl phosphate group, thereby increasing its thermodynamic stability. The -PGM structure shows that this is not accomplished simply by a preponderance of positive charge in the active site as demonstrated by the calculation of the electrostatic surface potential using the program GRASP (45), see Figure 6b .
The final issue to be addressed is the kinetic stability of the aspartyl phosphate group. As was noted above, many of the HAD family phosphotransferases form the acyl phosphate as a chemical intermediate en route to hydrolysis of the phosphate ester substrate, while the Ca 2+ -ATPase forms the acyl phosphate as a mechanism to induce a conformational change in the enzyme necessary for ion transport across biomembranes. The fast rate of aspartyl phosphate hydrolysis observed for the phosphatases is ensured by base catalysis, which for the phosphoserine phosphatase derives from the proximal Asp13. A slower rate of hydrolysis is needed for the Ca 2+ -ATPase aspartyl phosphate group to allow time for the chemically coupled conformational change to occur before hydrolysis. The attenuated hydrolysis rate is accomplished by use of Thr (Thr353) in place of the Asp (Figure 5a,b) . The Thr can serve as a water-binding residue but cannot contribute to the rate of the hydrolysis reaction as a general base. In -PGM, the corresponding Asp residue (Asp10) is oriented away from aspartyl phosphate. At this position, it cannot bind and activate a water molecule for in-line attack at the aspartyl phosphate group. Thus, in the HAD family of phosphotransferases the lifetime of the aspartyl phosphate appears to be determined by the presence of a water-binding residue and by whether this residue can serve as a general base.
An analogous conclusion was drawn earlier with regard to the lifetime of the aspartyl phosphate group found in the response regulator proteins. Zapf et al. (46) examined the lifetime of the aspartyl phosphate group of the response regulator protein Spo0F and, based on mutagenesis data and comparison of group usage among the response regulator protein family members, concluded that autophosphatase activity among the aspartyl phosphate response regulator proteins is determined in part by the nature of the side chain positioned to bind and activate the water nucleophile.
The need for a water activating group to assist in the autodephosphorylation of a protein aspartyl phosphate group, whether it be located on the protein surface such as in the response regulator family, or buried in the active site such as in the HAD family phosphatases, suggests that despite its high energy the aspartyl phosphate group is kinetically stable under physiological conditions. In examining the literature on acetyl phosphate hydrolysis, we found that the aspartyl phosphate group might be expected to persist under physiological conditions for several hours. Di Sabato and Jencks (47) reported that the rate of hydrolysis of acetyl phosphate is pH independent between pH 2.5 and 7.5 and that at pH 6.9, 39°C, the t 1/2 is 2.7 h, and at 25°C the t 1/2 is 21 h.
Thus, the Asp residue may have been selected by nature to function in phosphoryl transfer in part because of its nucleophilicity but also in part because of the moderate kinetic stability of the acyl phosphate group. The lifetime of the aspartyl phosphate group might be increased through water exclusion from surrounding areas, while its lifetime can be decreased in a very incremental manner through the positioning of a residue nearby, which, depending on its structure, can serve to bind and activate water with a predetermined efficiency.
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This paper was posted to the web on June 5, 2002 before final corrections were made. Glu169 residues were mistakenly referred to as Asp169 in the text. The correct text appears in this version posted June 25, 2002. 
